Abstract -This paper discusses the transmission of the Orthogonal Frequency Division Multiplexing (OFDM) signal through the multipath fading indoor channel and its capability to combat the Intersymbol interference (ISI) as well as its eflective implementation with the discrete Fourier transform is, described.. The channel model used was based on Saleh-Valeuzqeia model with loghormd fading distribution ,of 'gain 'amplitudes. Simnlation.modules were developed and the eflect of the multipath 'on the, OFDM system. performance with BPSK, QPSK, l6PSK, 64PSK 16QAM, 64QAM, and l28QAM modulations was evaluated in terms of the bit error rate @ER) as a function of the energy per hit-tonoise ratio (EBNR). The influence of the number of carriers as well as the guard interval duration on the performance.was.'also investigated. Simulations showed that the EBNR required to achieve a certain BER is significantly increased by 8-10 dB for dense multipath fading channels over that required in AWGN channels. These performance measures are useful for the design and assessment of high speed ' indoor wireless communication systems.
INTRODUCTION
In the past few 'years, wireless communications and the lntemet have seen an explosive growth both in their technologies and in their demand. The expected convergence of mobile telephony, Internet access, mobile computing, and potentially many multimedia applications such as video and high quality audio, have created a new paradigm of research and development efforts that enables multimedia content to move seamlessly between the Internet and mobile wireless networks. This resulted in an increased demand for new methods of obtaining wireless networks with high capacity and more flexibility.
In a traditional communication system, the information to be transmitted is modulated onto a single carrier, so a single fade or interferer can cause the entire link to fail. To obtain high bit rates, the symbols have to be 0-7803-8114-9/03/$17.00 02003 IEEE.
transmitted fast and thereby they occupy the entire bndwidth. When the channel is frequency selective, its impulse response can extend over many symbol periods, and consecutive symbols will interfere with each other causing what is called intersymbol interference (ISI). This is a major problem in wideband transmission over multipath fading channels, which makes it harder to recognize the transmitted symbol, and thereby causing severe degradation of the,system performance.
Orthogonal Frequency Division Multiplexing (OFDM) is one of the most attractive multicamer modulation techniques for high spectral efficiency and strong immunity to multipath fading, and therefore it is considered one of the most promising solutions to the problem of IS1 [I]- [4] . This modulation technique can be used efficiently and reliably for the high speed digital data communications through the multipath fading channels, since in this modulation scheme, a single data stream is transmitted in parallel over a number of lower rate subcarriers, by splitting the available bandwidth into several orthogonal subchannels [5] . Thus, fading will affect only a small percentage of the subcarriers. Error correction coding can then be used to correct for the few erroneous subcarriers. In the frequency domain, each subchannel will occupy only a small frequency interval where the channel frequency response will be almost constant and each symbol will experience an approximately flat fading channel. By using orthogonal subcarriers, the intercarrier interference (ICI) will be eliminated, and the symbols transmitted on the different subcarriers will not interfere [4] .
The use of discrete Fourier transform (efficiently fast Fourier transform (FFT)) algorithms to generate the subcarriers eliminates arrays of sinusoidal generators and coherent demodulation required in parallel data systems, and makes the implementation of the technology cost effective.
High spectral efficiency is achieved by selecting a set of camer frequencies that are orthogonal to each other. These carriers are arranged in a manner so that the sidebands of the individual camers overlap and the signals are still received without adjacent carrier interference (see figure 1 ). Several aspects of potential systems using OFDM have been studied in 151- [9] . The IS1 can be effectively eliminated by adding a guard interval. In this paper, we evaluate the performance of the OFDM system over multipath fading channel randomly generated according to Saleh-Valenzuela model, with a slight modification that the path amplitudes are lognormal distributed instead of Rayleigh distributed. A baseband discrete-time OFDM system model was used for developing the simulation. The bit error rate (BER) performance was evaluated as a function of the energy per hit-to-noise ratio (EBNR) with BPSK, QPSK, 16PSK, 64PSK, I6QAM, 64QAM, and 128QAM modulation schemes. The effect of changing the number of subcarriers as well as the guard interval length on the performance was also investigated, and some conclusions are given.
11.

THE OFDM SYSTEM MODEL
The process of a typical FFT-based OFDM system is illustrated in Fig. 2 . The incoming. serial. data is first converted to parallel and grouped into m bits each to form a complex number.. The number m determines the signal constellation of the corresponding subcanier such as QPSK, 16QAM or 64QAM. The complex numbers are then modulatedin a baseband. fashion by the inverse FFT (IFFT) and converted back to serial data .for transmission. To reduce the IS1 between OFDM symbols, a guard interval is appended at the beginning of each 'symbol. The receiver performs the inverse process of the transmitter.
111.
TRANSMITTED OFDM SIGNAL .
To represent an OFDM signal mathematically, let us assume that-it consists of N subcarriers which are modulated hy d, complex data symbols that are created by using one of the well-known digital modulation techniques (e.g., BPSK or 16QAM), then the equivalent complex baseband representation of the n th OFDM symbol starting at f = Cs can be written as [4] where ( do,n ,d,,, , d2," ,..., dN-,,") are complex numbers taken from a set of constellation points to be transmitted for 
IV. MULTIPATH CHANNEL MODEL
There have been many proposed multipath fading channel models in the literature (see [10]-[12] for example) for indoor radio channels. The channel model employed in this paper is a discrete-time model which is derived from SalehValenzuela model [lo] with one slight modification: a log-.normal distribution rather than a Rayleigh distribution for the multipath gain magnitude is used, since log-normal distribution seems to better describe the multipath gain magnitude in realistic fading channels. as reported in [10, 11] . This model can be represented by the discrete, complex, lowpass channel impulse response given by [IO] , where p,,, is the gain of the k th ray of the I th cluster and Qk,, is its phase, is the arrival time of the th cluster, and z, , , is the arrival time of the k th ray measured from the beginning of the th cluster, and
6(.) is the Dirac delta function, (for detailed description of the model see[lO]
). , , .
V. RECEIVED OFDM SIGNAL AND DEMODULATION
The transmitted signal s(t) is subjected to time-dispersive and frequency-selective fading by the, multipath channel in addition to Additive White Gaussian Noise (AWGN). The receiver input signal can be written as [3] because the channel impulse response is zero elsewhere.
VI. SIMULATION RESULTS AND DISCUSSION
In this section, the computer simulation results of the OFDM system performance are presented. The channel model
Serial-to-
Add guard
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Parallel parameters were C0""Uter . . An FFT of 512-point was used for the OFDM modulator and demodulator. To make .the system robust to multipath propagation; a circular guard interval of 128 samples was inserted between the OFDM symbols. The system was assumed to be perfectly synchronized, and coherent ' n = (' 0," 9 ' I , , , '2,n 9 ' ' ' ) 'N-2,. 9 'N-1," 1
. Demodulation'of &e subcamers via FFT yield the received data symbols (subcarrier k of.the n th OFDM symbol) that may be expressed by [3] 
. .
detection was used.
where { yk," } is the output of the FFT demodulatdr, and nk," is a baodlimited complex-valued AWGN corrupting the signal and H k , " is the channel transfer function at the subcarrier frequency f k = k / TFm, where TFA is the size of the FFT used to demodulate the OFDM symbol. The signal to noise ratio (SNR) per subcanier (after the,FFT) is . definedas Figure 3 shows the BER as .a function, of the E B M for the OFDM system over AWGN as well as multipath fading channels, with BPSK and QPSK formats that are modulated onto 100 subcarriers by applying the IFFT. It can be seen from the figure that for a BER of 1 0-3 , the performance over multipath channel needs about 8 dB more EBNR for the both of BPSK and QPSK compared with the that over AWGN. This is due to the decreasing of the signal power as a result of increasing the number of paths as well as inserting a guard .interval. For lower BER, this degradation increases to reach to about 9 dB for a BER of lo4. We also notice that error free transmission over AWGN can be achieved by 10 dB, while the double of this value only achieves lo-' and ,lo4. for BPSK and QPSK, respectively, over multipath channel.
. , Figure 4 shows the BER performance as a function of EBNR for the OFDM system with higher constellation modulation schemes. It illustrates that QAM performs better than PSK. For example, to achieve a BER of lo-', an EBNR of about 24 dB is required in case of 16QAM, while about 28 dB is required in the case of 16PSK. An interesting result is the performance convergence between 64QAM and 16PSK, taking in consideration their efficiencies (6 bps/Hz for 64QAM and 4 bps/Hz for 16PSK). The curves show that 64QAM has only about 0.5 dB degradation in the EBNR relative to the I6PSK. Figure 5 shows the OFDM system performance in terms of the BER as a function of the SBNR at different number of subcarriers. The effect of increasing the number of the subcarriers on the BER is not significant at lower values of EBNR. However, at higher values of the EBNR, the BER increases as the number of the subcarriers increase.
In Figure 6 , the BER performance of the OFDM system is evaluated as a function of the guard interval length at different signal-to-noise ratio levels. It can be seen that the performance is improved by increasing the guard interval for higher levels of SNR, but beyond a certain value (the optimal point), the BER reaches to an irreducible error floor even with increasing the S N K This is due to the losing of the signal power as a result of the increase in the guard interval. A' number of simulations were performed, and it was observed that the signal per bit-to-noise ratio(SBNR) required to achieve a certain bit error rate (BER) multipath fading channel. The higher order modulation , schemes (16PSK, and 64QAM) require approximately 11-12 dB more signal power than QPSK. A trade-off between the number of subcarriers and the EBNR is observed. Taking into account the channel variability, optimization between the guard interval length and the targeted BER is necessary. Simulations reveal that the designer has to strike a balance between the number of carriers and the signal-tonoise ratio in order to optimize performance and resource utilization.
performance is highly increased for real environment 8 .
